Abstract: Fourier ptychography (FP) is a recently developed computational framework for high-resolution high-throughput imaging. In this paper, we will review the latest development of the Fourier ptychographic imaging scheme. We will demonstrate its applications in widefield imaging, quantitative phase imaging, and adaptive imaging. We will also discuss its potential applications in X-ray optics and transmission electron microscopy.
Introduction
Resolution of conventional imaging platforms is in general limited by the numerical aperture (NA) of the objective lens. Improving resolution beyond the cut-off frequency of the objective lens has been a long-standing goal in the research community. In recent years, there have been intensive research efforts on applying the synthetic aperture technique (originally developed for radio astronomy [1] ) to achieve this goal [2] - [8] . Synthetic aperture technique stitches many complex measurements in the Fourier space to expand the passband and improve the achievable resolution. The reconstruction process of this technique, however, requires the knowledge of both the intensity and phase information of the incoming light field. Therefore, most implementations employ delicate interferometry setups for complex light field recording and precise mechanical actuations for incident beam scanning. It has been shown that the resolution improvement beyond the NA of the underlying optical systems is possible through such a computational data fusion process [2] - [8] .
Recently, we have developed an imaging approach that extends the concept of synthetic aperture imaging for non-interferometry setups. The reported approach, termed Fourier ptychography (FP) [9] , iteratively stitches together many variably illuminated, low-resolution intensity images in the Fourier space to expand the frequency passband and recover a high-resolution complex sample image. Instead of directly measuring the phase information of the incoming light field, FP uses an iterative phase retrieval process to recover the complex phase information of the sample. It has been shown that [9] , without involving any interferometry measurement and mechanical scanning, FP facilitates microscopic imaging well beyond the cutoff frequency set by the NA of the objective lens.
Fourier Ptychography: Scheme and Principle
A typical FP platform consists of an LED array and a conventional microscope with a low-NA objective lens, as shown in Fig. 1(a) . The LED array is used to successively illuminate the sample at different incident angles (one LED element corresponds one incident angle). At each illumination angle, FP records a low-resolution intensity image of the sample. Under the thin-sample assumption, each acquired image uniquely maps to a different passband of the sample's spectrum. The FP algorithm then recovers a high-resolution complex sample image by alternatively constraining its amplitude to match the acquired low-resolution image sequence, and its spectrum to match the panning Fourier constraint, as shown in Fig. 1(a) . Essentially, FP introduces angular diversity functions to recover the high-resolution complex sample image, as compared to the translational diversity functions used in the conventional ptychography approach [10] .
The reconstruction procedures of the FP are shown in Fig. 1 . This image is then used to update its corresponding sub-region ofÛ 0 ðk x ; k y Þ. The replace-and-update sequence is repeated for all intensity measurements, and we iterate through the above process several times until solution convergence, at which pointÛ 0 ðk x ; k y Þ is transformed to the spatial domain to produce a high-resolution complex sample image. The achievable resolution of the final FP reconstruction is determined by the latest incident angle of the LED array. As such, FP is able to bypass the design conflicts of conventional microscopes to achieve high-resolution, wide field-ofview imaging capabilities.
The name of FFourier ptychography_ comes from a related phase retrieval scheme, ptychography [10] , [12] - [23] . Ptychography is lensless imaging approach originally proposed for transmission electron microscopy [12] and brought to fruition by Faulkner and Rodenburg [13] . It uses a focused beam to illuminate the sample and records multiple diffraction patterns as a function of sample positions. This set of diffraction patterns is then used to invert the diffraction process and recover the complex sample profile following the iterative phase retrieval strategy. It is clear that FP and ptychography both share the strategy of phase retrieval technique: iteratively seeking a complex sample solution that is consistent with many intensity measurements. With ptychography, the object support constraints for phase retrieval are imposed by the confined illumination beam in the spatial domain. As such, the sample must be mechanically scanned through the desired field-of-view. With FP, on the other hand, the object support constraints are given by the confined optical-transferfunction in the Fourier domain. In this regard, FP acts as the Fourier counterpart to ptychography, justifying its name [24] . By using a low-NA objective lens, FP naturally offers a large and fixed fieldof-view, high signal-to-noise ratio, and no mechanical scanning as compared to the conventional ptychography. The use of lens elements in FP settings also reduces the coherence requirement of the light source. Post-processing used in conjunction with the panning LED illuminations then leads to a resolution-improved, high-pixel-count final image. Furthermore, as discussed below, FP is able to digitally correct for aberrations and extend the depth-of-focus beyond the physical limitation of the objective lens.
Imaging Applications Using Fourier Ptychography
The unique computational scheme of FP enables many applications for microscopy imaging. In this section, we will review the recent developments of FP for wide-field imaging, quantitative phase imaging, and adaptive imaging.
Wide-Field, High-Resolution, Long Depth-of-Focus Imaging
Physical limitations of the objective lens have forced researchers to decide between highresolution and a small field-of-view on one hand, or low-resolution and a large field-of-view on the other. That has meant that scientists have either been able to see a lot of detail very clearly but only in a small area, or they have gotten a coarser view of a much larger area. FP, on the other hand, decouples the resolution from the employed optics, and as such, it is able to achieve high-resolution and wide field-of-view at the same time.
We have demonstrated the use a 2X objective lens to achieve the resolution of a 20X objective lens [9] . Therefore, FP combines the field-of-view advantage of a 2X objective lens and the resolution advantage of a 20X objective lens, as shown in Fig. 2 . The final image produced by FP contains orders of magnitude more information than that of conventional microscope platforms. Fig. 3 demonstrates the raw FP image, FP reconstructions and images using conventional objective lens. We can see that the image quality of the FP reconstructions is comparable to that of the conventional high-NA objective lens. Furthermore, a phase factor can be introduced in the FP recovery procedures to correct for various aberrations of the objective lens. We have shown that, such a phase-factor correcting method enables FP to correct for defocus aberration and extend the depth-of-focus to 0.3 mm, two orders of magnitude longer than that of the conventional platform with a similar NA [9] . The wide-field, high-resolution, long depth-of-focus imaging capability offered by FP is in particular useful for digital pathology and hematology applications. This technique may potentially free clinicians from bowing in front of the microscope and manually moving the sample to different regions for observation. As digital imaging is introduced to laboratory environment, it may also have the potential to improve the work environment and laboratory productivity, to enable education, and to enhance communication and collaboration between clinicians.
Quantitative Phase Imaging
Many biological samples do not absorb or scatter light significantly. As such, they are transparent or generate little contrast under a conventional bright-field microscope. To address this problem, phase contrast and differential-interference-contrast microscopes have been developed to convert the phase delay information into intensity variations, and these two types of microscopes have been widely used in biological laboratories to visualize live cell samples. However, the phase information generated by these two types of microscopes are mixed with the intensity information, and thus, it is not quantitative in nature.
As discussed in Section 2, FP is able to recover both the intensity and phase of an optical field exiting a sample. We have shown that, the phase information recovered by the FP approach is quantitative in nature [11] . Therefore, it holds a great potential for quantitative image analysis. Furthermore, the use of low-coherent LED in FP settings suppresses coherent noise sources such as speckle noise. Fig. 4(a) and (b) demonstrate the raw data and the FP recovered phase image. The FP recovered phase can be further processed to generate the phase gradient images, as shown in Fig. 4(c1) and (c2). The generated phase gradient images simulate the improved visibility of a differential-interference-contrast (DIC) microscopy; however, they are quantitative in nature as compared to the DIC microscopy.
Adaptive Fourier Ptychographic Imaging
The concepts in adaptive optics [25] - [27] can also be implemented in the FP scheme to perform adaptive Fourier ptychographic imaging [28] . In the adaptive FP scheme, an image-quality metric is defined as a guide star for the optimization process, and system corrections are then performed to maximize such a guide star. Compared to conventional adaptive imaging systems, the adaptive FP scheme performs system corrections by modifying the complex transfer function in the iterative recovery process (no adaptive optical hardware is needed), offering a unique advantage on system simplicity and reliability. Fig. 5 demonstrates the use of the adaptive FP to recover the unknown pupil function and perform aberration correction. Such a scheme can also be used to correct for intensity uncertainty of the LED array and recover unknown system parameters [28] .
Discussion
It is clear that FP is a promising computational framework for microscopy imaging. It transforms the challenge of high-resolution imaging from one that is coupled to the hardware limitations to one that is solvable through computation [9] . More broadly speaking, the FP scheme can also be applied to other imaging modalities to improve the achievable resolution. We believe that FP is able to improve the resolution of transmission electron microscope. To implement FP for electron imaging, one can simply use the magnetic deflection coils in most existing electron microscopes to shift the incident angle of the electron beam. Compared to conventional lensless ptychography, the use of focusing element in FP settings also provides a higher signal-to-noise ratio and reduces the requirement of spatial coherence of the electron beam. Following a similar logic, FP may also be useful for X-ray microscopy. The sample and the detector can be placed on a rotating stage to record intensity patterns corresponding to different incident angles. The phase-factor correction scheme in FP can be used to correct for aberrations of the X-ray optics. Finally, it is also important to discuss the limitations of the FP approach. First, current FP algorithms are designed for 2D thin samples. However, it is possible to integrate the FP concept with tomographic imaging approaches [29] - [32] for 3D high-resolution imaging. Second, the FP approach is a coherent imaging technique, and thus, it is not suited for fluorescent imaging. Third, the throughput of current FP prototypes is limited by the low light intensity of the LED array. This issue can be addressed by using a high-power LED array.
